enzymatic activity of GS is inhibited posttranslationally by the covalent attachment of AMP to a specific tyrosine residue, i.e., adenylylation (Rhee et al., 1989). This reversible protein modification is controlled by a signal transduction system that also responds to the levels of 
, 2000). physiological signal and the protein(s) that sense and
The enzymatic activity of the B. subtilis GS is also induce the cellular responses to this signal. Most models controlled differently than in enteric bacteria. While the for the regulation of gene expression in prokaryotes are glutamine synthetases from B. subtilis and enteric bacvariations of the mechanism first described by Jacob teria are both subject to feedback inhibition, the Bacillus and Monod (1961). Typically, a metabolite functions as enzyme is distinct in that its biosynthetic activity is inhibthe physiological signal and alters gene expression by ited by glutamine (Deuel and Prusiner, 1974) . In addition, interacting directly with a transcription factor.
B. subtilis GS is not subject to any known form of postThe response of enteric bacteria to nitrogen limitation translational modification . is an example of a well characterized regulatory system
The nitrogen signal regulating the DNA binding activity (Magasanik, 1996; Merrick and Edwards, 1995). Glutaof TnrA has not been identified. Two experimental obsermine acts as the metabolic signal for nitrogen availability vations indicate that this signal inhibits TnrA activity in in these organisms. The intracellular concentration of cells growing with excess nitrogen. First, since purified glutamine is significantly lower in these bacteria during TnrA protein binds to amtB promoter DNA with high nitrogen-limited growth conditions than under nitrogen affinity and is sufficient to activate amtB transcription excess (Ikeda et al., 1996; Hu et al., 1999) . As a result, in vitro (Wray et al., 2000), TnrA appears to be the only it is not surprising that glutamine synthetase (GS), which factor necessary for TnrA-dependent activation of gene catalyzes the synthesis of glutamine from glutamate and expression. Second, TnrA-regulated genes are exammonium, is subject to several forms of regulation pressed constitutively in B. subtilis glnA mutants that (Reitzer, 1996) . The transcription of the GS structural lack GS activity (Wray et al., 1996). Thus, GS seems to gene, glnA, as well as many other genes involved in transduce a nitrogen-related signal to TnrA that inhibits scavenging for nitrogen-containing compounds, is actiits DNA binding activity in the presence of excess nitrovated by the two-component Ntr regulatory system in gen. A simple model for this GS-dependent nitrogen response to a decrease in the intracellular concentration signal is that GS participates in the synthesis of a metabof glutamine (Magasanik, 1996 
Results

Feedback-Inhibited Glutamine Synthetase
Blocks DNA Binding by TnrA If B. subtilis GS directly regulates TnrA activity, GS must be present in different conformations during nitrogen excess and nitrogen limited conditions. The interconversion of these two forms should be expected to be controlled by one or more metabolites whose intracellular concentration changes in response to nitrogen availability. Interestingly, B. subtilis GS is subject to feedback inhibition, and the binding of feedback inhibitors could induce a structural alteration in the GS protein. Since TnrA is inactive during nitrogen excess conditions where feedback inhibition would occur, we examined the possibility that the feedback-inhibited form of GS blocks TnrA DNA binding.
The effect of GS and feedback inhibitors on the DNA binding activity of TnrA was analyzed with a DNA gel mobility shift assay. The promoter region of the amtBglnK operon was used in these experiments because high-level amtB-glnK expression during nitrogen-limited growth is completely dependent on TnrA (Wray et al., 1996). TnrA binding to the amtB promoter was strongly suppressed when both GS and the feedback inhibitors glutamine and AMP were present ( Figure 1A ). Since the (Table 1) . Glutamine is also the most determined in gel mobility shift experiments. potent inhibitor of B. subtilis GS enzymatic activity (Deuel and Prusiner, 1974 (Table 2) , the constitutive activities of dase levels observed in strains containing the tnrA202, tnrA204, or tnrA10 missense alleles were 1,300 to 2,000-the TnrA C proteins most likely result from a defect in their interaction with feedback-inhibited GS. Indeed, when fold higher than in the wild-type strain and were only derepressed about 2-fold by nitrogen limitation. The native protein gel electrophoresis was used to examine the interaction between TnrA C213 and GS, no complexes tnrA C mutants containing the tnrA212 and tnrA213 nonsense mutations had similar ␤-galactosidase levels in were observed (Figure 3 The only compounds shown to modulate the ability of GS to block TnrA DNA binding are known feedback inhibitors of B. subtilis GS. Presumably, the binding of feedback inhibitors to GS alters the GS protein conformation and enhances the affinity of GS for TnrA. This model for nitrogen regulation predicts that the concentrations of all potential GS feedback inhibitors would be reduced to the lower limits of their physiological range during nitrogen-limited growth and thus relieve the GSdependent inhibition of TnrA DNA binding. Interestingly, one of the glnA mutants that results in constitutive amtB expression encodes a GS that is resistant to feedback inhibition by glutamine (our unpublished results). This mutant GS is also deficient in its ability to block the in vitro DNA binding activity of TnrA. The phenotype and in vitro properties of the feedback-resistant GS mutant also support the proposed role of feedback-inhibited GS in the regulation of TnrA and suggest that glutamine is the primary metabolic signal in regulating TnrA activity.
In B. subtilis, GS, which synthesizes glutamine from ammonium and glutamate, is the only enzyme capable of assimilating ammonium into cellular metabolites (Fisher, 1999) . As a result, the synthesis and activity of GS are carefully controlled in response to nitrogen availability. Many of the genes known to be regulated by TnrA are involved in catabolic pathways for nitrogen compounds (urea, nitrate, asparagine, ␥-aminobutyrate) whose degradation yields ammonium and glutamate, the substrates for GS. Thus, it makes good sense for the cell to use GS to monitor nitrogen availability and regulate, via TnrA, the synthesis of enzymes that can supply the cell with ammonium and glutamate. Although we have not measured the relative levels of TnrA and GS in the cell, the observation that TnrA positively regu- 1 mM dithiothreitol, 100 g/ml bovine serum albumin, 50 g/ml To identify constitutive mutations in GS, chromosomal DNA from poly(dA-dT)·poly(dA-dT), 0.05% (v/v) Triton X-100, 5% (v/v) glycerol, the mutants was used to transform a glutamine auxotroph, strain and 25 pM amtB DNA fragment. Transformants were plated onto LB X-Gal plates and the colony salts are present (Deuel and Stadtman, 1970) . Feedback-inhibited color examined after several days of incubation at 37ЊC. For all GS only blocked TnrA DNA binding when one of these metal cations fifteen of these mutants, the mutation causing constitutive amtBwas included in the incubation buffer (data not shown). lacZ expression was tightly linked (Ͼ98%) to tnrA. The tnrA genes from these mutants were PCR amplified and sequenced. experiments, 20 mM glutamine was included in the incubation The concentrated GS was diluted with one volume of 2ϫ storage buffer, polyacrylamide gel, and gel buffer. buffer (80% glycerol, 40 mM Imidiazole [pH 7.0], 20 mM MgCl 2 , 0.1 mM EDTA, and 6 mM DTT) and stored at Ϫ80ЊC. His 6 -tagged GS was prepared by the same protocol except that a 45% to 60% Acknowledgments ammonium sulfate fraction was used for column chromatography.
TnrA proteins were overexpressed and purified as described by We thank Alex Ninfa for the generous gift of purified E. coli GS and Wray et al. 
